Abstract-Tm 2 Ge 2 O 7 and TmInGe 2 O 7 germanates are obtained via solid-phase synthesis from stoichiometric mixtures of initial oxides through multi-stage annealing in the temperature range 1273-1473 K. The heat capacity of oxide compounds is measured using differential scanning calorimetry. The temperature dependences of enthalpy, enthropy, and normalized Gibbs energy are calculated from the resulting experimental data.
INTRODUCTION
The unique properties of germinates of rare earth elements (REE) have long been of interest to researchers as components of new materials [1] [2] [3] [4] [5] [6] . Depending on the nature of the REE, R 2 Ge 2 O 7 are divided to four structural subgroups according to the type of structure: La-Pr, Nd-Gd, Tb-Lu, and Sc [1] . Germanates with common formulas A 2 Ge 2 O 7 and ABGe 2 O 7 (A and B are rare earth and trivalent elements, i.e., transition metals) are identified in two types of thortveitite-like and thortveitite crystal structure [5] . Compounds ABGe 2 O 7 crystallize in four different space groups, depending on ratio of ionic radii r B /r A . Tm 2 Ge 2 O 7 and TmInGe 2 O 7 can be related to these groups, which remain the ones least studied. This is mainly due to the thermophysical properties that these compounds lack. Phase diagrams of Tm 2 Ge 2 O 7 -In 2 Ge 2 O 7 system have never been constructed. At the same time, thermodynamic properties must be studied in order to optimize the conditions of solid-phase synthesis and refine phase interactions by means of thermodynamics.
The aim of this work was to determine experimentally the high-temperature heat capacities of [2] , so synthesis was conducted in crucibles with lid. In addition, the amount of GeO 2 added above stoichiometry and the duration of synthesis were chosen experimentally. To ensure the completeness of the solid phase reaction, the pellets were ground after each 20 h and pressed again. The phase composition of the synthesized samples was studied via X-ray diffraction (X'Pert Pro MPD PANalytical device, the Netherlands; CoK α radiation). Diffraction patterns were registered with a fast PIXcel detector in the angular range of 2θ = 10°-120° with a step of 0.013°. X-ray diffraction patterns of synthesized single-phase samples are shown in Fig. 1 . Unit cell parameters of the synthesized compounds were determined as in [6] . For Tm 2 Ge 2 O 7 , they were compared to the data of other authors and are presented in Table  1 . Note that there was good agreement between the unit cell parameters we obtained for Tm 2 Ge 2 O 7 and the literature data.
Our TmInGe 2 O 7 germanate had unit cell parameters a = 6.8060 (1) , and space group C2/c. We could not compare these data with those of other authors because there were none [5] .
High-temperature heat capacities C p of Tm 2 Ge 2 O 7 and TmInGe 2 O 7 were measured in the region of 350-1000 K via differential scanning calorimetry using an
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STA 449 C Jupiter (NETZSCH, Germany) analyzer. Measurements were made using platinum crucibles with lids, along with a special TG + DSC 6.226.1-72 + S holder. The analyzer was calibrated for temperature and sensitivity using a set of salts: RbNO 3 , KClO 4 , CsCl, K 2 Cr 2 O 4 , BaCO 3 (99.99% purity). Synthetic sapphire (Al 2 O 3 with 99.99% purity) was used as a reference sample for C p calibration (NETZSCH Co., certified). The studied materials were ground in an agate mortar and pressed into pellets with diameters of 6 × 10 −3 m on a PLG-20 laboratory press, after which they were calcined to avoid sintering. The samples to be measured were preliminarily weighed on MET-TLER TOLEDO XP205 Delta Rang analytical balances with an accuracy of 10 −5 g. The sample weight was close to the reference weight. The internal volume of the furnace and balances was purged with an inert gas, and C p was measured in air. The heating rate during C p measurements was 10 K/min. More than three measurements were made for each set of samples. The experimental technique was described in [8, 9] . The error in measuring heat capacity did not exceed 2.8%. The experimental results were treated with the NETZSCH Proteus Thermal Analysis and Systat Sigma Plot 12 (Systat Software, United States) software.
RESULTS AND DISCUSSION
The effect temperature had on the heat capacity of Tm 2 Ge 2 O 7 and TmInGe 2 O 7 is shown in Fig. 2 . It is seen that C p grew naturally as the temperature rose, and there are no extrema on the C p = f(T) dependences in the temperature range of 350-1000 K. This indicates there is no polymorph transition in such germanates in this range of temperatures. The heat capacity data were described using the Maier-Kelley equation 
The R factors for Eqs. (1) and (2) were 0.9983 and 0.9990, respectively. The maximum deviations of the experimental point from the smoothed curves were 0.53 and 0.43%.
The thermodynamic functions for Tm 2 Ge 2 O 7 and TmInGe 2 O 7 calculated using these equations are presented in Table 2 . It follows that the C p of these germanates did not exceed the classical limit of the Dulong-Petit law: 3Rs, where R is the universal gas We were unable to compare the C p values for Tm 2 Ge 2 O 7 and TmInGe 2 O 7 to the results from other authors, since the heat capacity of these compounds had never been measured. At the same time, this can be done using the Kopp-Neuman equation [11] . According to the data in [12] , both positive and negative deviation from the Kopp-Neuman additive rule are linked to changes in the frequencies of the vibration of atoms in a complex oxide compound, relative to simple oxides. The values necessary for calculations using Eq. (3) were taken from the literature: [11] for Tm 2 
